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RESULTS OF PHASE CHANGE PAINT TESTS OF
0.04LO SCALE 50% FOREBODY MODELS (82-0)
OF THE SPACE SHUTTLE ORB.'TER IN THE

AEDC VKF B HYPERSONIC WYND TUNNEL (OH7S)

by

W. H. Dye
Rockwell International Space Division

ABSTRACT

This report presents post-test information and data from phase
change naint, serodynemic heating wind ’ .nnel tests of a Rockwell
International Sﬁace Shuttle Orbiter forebody model. These tests were
conducted in the Arnold Englineering and Development Center von Karman
Facility Tunnel B Hypersonic Wind Tunrel.

The purpose of these tests was to determine the effect of simulated
orbiter protuberances and penetrations (including RCS nozzles) on aero;

dynamic heating rates during simulated entry conditions.
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PLOT
SYMBOL

H(TO)
H(.9T)
H(rouT0)

HREF

MACH NO.

R

P-INF

Q=INF

RE/FT
ROLL~MODEL

8T(T0)

NOMENCLATURE 1

DEFINITION

specific heat of the model material - BTU/1b-°F
acceleration due to gravity, 32.17 ft/sec?

heat transfer coefficient based on Tpy = Tq

heat transfer coefficient based on Tpy = 0.9 T,
heat transfer coefficient based on Tpy = ripy x Tp

reference heat-transfer coefficient based on Fay-
Riddell Theory, BTU/ft2-sec.-°R

free stream Mach no.

reference sphere radius used to calculate hg
(0.0k4 £t)

free stream static pressure, psia
Prandtl number

tunnel stilling chamber pressure, psia
defined in context

free-stream dynamic pressure, psia
universal gas constant, ft-lbs/lbp-°R
free stream unit Reynolds number, ft-1
model roll angle-d;s.

Stanton nunber based on Ty:

H(T0)

S2(T0) = ST T5555 + 1.35x10°7 (7, + 560)] % .17

minimum recovery factor used in data reduction;
function of angle of attack; r is non-dimensional
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NOMENCLATURE (Continued)

view -
EDIOL _SYMBOL IEFINITION
STREF Teference Stanton mmber: F'l
| EH0) = e e, SOV
- Tow sdisbatic vall temperatare, °F
& TRAR - T
o -
Ny initial model temperature, °F
Poo T-INF free streanm static temperature--R
'.l‘pa TrC paint welt {emperature, °¥
To by tunnel stilling chamber tempersture, °R
% TINE time from start of model injection, sec.
at IEL TDX tine model exposed to airstream, sec.
Ve velocity at edge of the boundary layer, ft/sec.
V‘n V-INF free stream velocity, ft/sec.
o ALPHA-NOIEL model sngle of attack, deg.

ALPEA-PREBEND sting prebend angle, deg.
ALPHA-SECTOR tunnel sector pitch angle-deg.

YAW model. yaw angle
! ratio of specific heats of air
K model thermoconductavity, PIU/ft-sec-°F

negative model yav (positive sideslip)
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- BQMENCLATURE (Concluded )

IEYINITION

free stream viscosity, lb-sec/rt2
stagmation air viscosity, lb-sec/rta

air viscosity along model wall (1b,/ft-sec)
model material demsity-lh /rt3

air density along model wall-lh,/ft3
stagnation air demsity lb,/rt3

free stream air density, slug/rt3
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INTRODUCTION

Aerodynamic heating phase change paint tests were conducted n a
.040 scale Rockwell International Space Shuttle Orbiter for + .~ - 1

These tests were conducted in the AEDC VKF B Hypersoniec Wii - ::.

Sept. 1, 1975.

The purpose of these tests was to determi.e tr-. effects of simulated
RCS nozzles, protuberances, and penetrations on aerodynamic heating rates
during simulated entry conditions. The model was tested from 20° through

45° angle of attack at 0° and -1° angle of sideslip. All the above atti-

tudes were tested at & nominal Mach number of 8.

varied from 0.5 x 106/ft through 2.0 x 105/f¢.

Reynolds number was

v e AT N R e —— & ’




ant

.
=8y

T . .-
3 h

e

e e

R T

RIS

P T S e O R G e, 1:;;?; etm R

, oo . - e s ey I T ST TS
. - - . ” . L
T TP T ) ) L : R ——l e

CONFIGURATIONS INVESTIGATED '|_ j

v

The modsls were 0.040 scale representations of the forward 50% of
the Rockwell International Space Shuttle Orbiter as defined by Rockwell
lines VLT0-000140C. The Rockwell model designation was 82-0. The
models were cast in one piece vsing Lockheed proprietary material "LH"
on & steel sting. Thers vers no movable or removable model parts.
Models used for this test were the 52-1 (peint stripe model) and 82-4
(protuberance model). The "emooth" model was the 82-i with filled
RCS nozzles and penetrations. Figures 2a and 2b illustrate the
protubsrances and penetrations simulated on thre model.
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TEST FACILITY LESCRIPTION

The Arnold Engineering Development Certer (AEDC) is an Air Foice
Facility located in Tullahoma, Tennessee. The tunnel used, Tunnel B, is
located in the wvon Karman Facility portion of this center. Engincering
and other technical opera‘ions in this turnel are performed by contractor
personnel of ARO, Inc.

Tunnel B is & continuous, closed circuit, variable density wind
tunnel with an axisymmetric sontcured nozzle and a 50-~inch diameter tert
section. The tunnel can be operated at a nominal Mach nu.ier of 6 or 8
at stagnation pressures from 20 to 300 and SO to 900 psia, respectively,
and at a stagnation temperature of up to 1350°R. The mc.el may be in-
Jected into the tunnel for a teet run and then retracted for model cooling

or model changes without interrupting the tunnel flow.
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TEST PROCEDURE

Tempi » '8 fusible coating that changes phase from an opaque solid

- to & tramsparent liquid at temperatures specified by the manufacturer, was

used to indicate the location of isc ‘nerms on the model surface. The
paints used had melting temperatures of 113, 125, 131, 150,and 175 °F.
Beattie~Coleman Varitron @70 mn sequence cameras were used to record

the progression of isotherms on the windward surfaces, as a function of

) time, dnring oach test run. The cameras were located on the top and side
" of the wind tunnel and Thotogrephed the left side and bottom surfaces of

the orbiter models. The camerss were operated at a nominal rate of 1
freme/sec. Kodak TRI-X Pln®5hck-and-wh1te film vas used.

Dual television monitors were used throughout the test to facilitate
on-line cross-referencing.

Prior to each test run, the uod;l vas cleaned with a solvent, spray-
rainted with the phase-change coating, and aliowed to reach isothermal
conditionl. The model was then injected 1nt6 the wind tunnel for about
30 seconds, during which time the prcgreasion of the isotherms » indicaxed
by the demarcation botﬁon melted and unmelted coating, was continuously
photogrephed. The model was then retracted from the wind tunnel and the
cycle repeated for the néxt run. The model temperature wus measured

prior to each run using a thermocouple probe.
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TEST PROCEDURE (Continued)

The tests were conducted at the following nominal conditions:

M. P,,psia Tos°R hg

J BTU ]

ftZ-sec-°R

7.90 110 1,270
7.9 210 1,270

7.98 430 1,300

11

0.0116
0.0162

0.0230

Re/ft x 10‘6

0.5
1.0

2.0
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DATA REDUCTION

W

# Thin £ilm heat transfer coefficients were calculated for each melt o

B | . pa
4,:‘! line at which photographs were teken, The coefficients were calculated 5
w assuming three different recovery factors. :

T, P

i Tow = ryow 0-90, and 1.0 i

‘% T

e < o h

The following calculat.ions were then perforred t- oblain thin Tilm P

E N | « .

coufrictents: < fﬁ

Tow = TIN F3

‘ It

SCxEY

B -  ava

NOTE:: VkoCp - Vo,

AVG

+ \/:Pcp A
TIn Tpe
8 ) B ) 2
o wherc the flow parameter B results from iterative solution of:

- 2
1 -T=ebB (1-erfhB)
Theoretical thin film heat transfer coefficients and stagnation

point heating.mtes were calculated using the equations given below: .
-.6 . oh l
by = (-T68)(Cp)(Pyr) " (Pusty) (0g k) ,{_'g!'-e- :

X

o i ol ET o S
B e R » .

‘where
u

P.= _;2 (uy Cp and k for air)
2 ave . The streamvise velocity gradient
‘ ‘ dx along the model surface
7 and
aVe .1 1
ax N,\/;RS To (1 - FiF)
P Ny = Nose radius, 0.0175 foot radius (1 foot full scale)
12
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DATA REDUCTION (Concluded)

TN B e

Ty

X

e,

! [ vt
“ Fy = z; 1 Meo? ‘
3 Po = (y*+ 1 ’ \ y-1 ‘

/D%Mw - {y-1)7 ?

Melt lines are shown on selected photographs tsken during the test B S
and are presented at the back of this report. The melt line on each . .

photograph shows isotherms. Thin film coefficients and free stream

E R

data corresponding to the isotherms are presented in Table IV.
The photographs are presented to provide qualitative data showing 4

effects of the protuberances and depressions,
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R&ESULTS AND DISCUSSION

Uncertainties of the basic tunnel parameters were estimated from re-
peat calibrations of the PO and T0 instruments and from the repeatability
and uniformity of the tunnel flow during calibrations. The parameters PO,
T0, and MACH NO. with their uncertainties were then used to compute the
uncertainties in the other parameters dependent on these by means of the
Taylor geries method of error propagation.

Uncertainty, percent

MACH NO. PO T0 RE/FT HREF
+ 0.4 . + 0.1 + 0.4 +1.2 0.8

An estimate of the data precision of phase change paint data is
hampered by the fact that an ubserver must determine the location of the
melt line. TFor this analysis, only uncertainties attributable to the
measured parameters are considered. The parameters needed for the
solution of the equation for the heat-transfer coefficient, h, are Tpes
Trn» Taws J PKCp, and 4t. The table below summarizes the nominal

uncertaintlies in these specific parsmeters.

Parameter Uncertainty (+)
o + 1.0
v okCy +10.0
T1n . 0.5
T, (Taw) . 0.5
Tpe + 0.5
x REPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR
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() RESULTS AND DISCUSSION (Concluded)

It should be remembered that the above uncertainties in T,, and Tpe
only reflect nominal measurement uncertainties. As previously mentioned,
thg interpretation of when phase change occurs (1.e. ’ Tpc) is a matter of
observer experience, and the "correct" assumption of what should be used
for Tyy also- requires engineering Jjudgment. However, combining the .above
measurement uncertainties with the corresponding error sensitivity factor
(derived by using the equation for the heatetransfer coefficieant, h, and
taking the square root of the sum of the squares) yields the following:

for Tpc < 200°F, h uncertainty T+ 13 percent

for T, > 200°F, h uncertainty 7 + 11 percent,
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I} TABLE I
MODEL MATERIAL PROPERTIES

. TEMPERATURE AT
WHICH PROPERTIES

PCk , Btu/f‘ta-°R-sec1/ 2
VERE_EVALUATED, OF P

Tpe, OF

13 95.5 0.0478
125 101.5 0.0481
131 10k.5 0.0483
150 11k.0 0.0487
175 125.5 0.0493

The model material properties were evaluated at a temperature equal
to the average of the initial and phase-change paint temperatures.

' 17

el ol ] .
* v
LN



oy e o

TABLZ Il J
TEST SUMMARY
Re/t:g MODRL PALH SMOOTH PROTUEERANCE
x 10 ALPEA  YAW MELT MODEL MODEL
(rt-1) (deg) (deg) TEMP (°F) GROUP NO. GROUP KO.
0.5 30 0 113 42 39
35 ) 125 43 )
35 1.0 125 Ly 41
4o o 113 11 8
{ ko 1.0 113 10 9
1.0 20 ) 131 34 27
25 0 113 33 28
30 0 113 32 " 29
30 1.0 125 35 38
35 0 113 31 30
35 1.0 125 36 37
ko 0 113 12 "
ko o 125 - 6
J} hs 0 113 13 5
k5 0 125 -- T
2.0 20 0 131 16 -
20 0 175 18 25
25 ¢ 131 19 22
25 0 175 17 --
» 0 131 20 23
35 ) 131 21 26
ko 0 131 1 1
ks 0 131 15 2
] L5 0 150 - 3

Data Group 24 bad no computer data. This group number was then voided.
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TABLE III
MODEL DIMENSIONAL DATA

MODEL cosroxEwr; BODY - Bgg

GENERAL DESCRIPTION: JO% orbiter forebody, vehicle 1k0C.

NOTE: This body includes a small portion of the wing glove.

MOTEL SCALE: 0.0h0

DRAVING NOMEER:___YL70-000140¢

DIMENSIONS: FULL SCAIE MOIEL SCALE
Length 645.15 25.80
Max Width 330.00 13.20

MODEL COMPONENT; CANOFY - Cip

GENERAL DESCRIPTION: Configuration 4 canopy and windshield as

used vith Bpg, six glass panes in windshield

MODEL SCALE: 0.0k0

DRAVING NWOER: VL70-0001k0B, 1kOC, 202B

DIMENRSIONS: FULL SCALE MODEL SCALE
Length (X, = 43k.643 to 670) In. 235.357 9.51k
Max Width
Max Depth Glass - In. 28.00 1.12
Nose/windshield intersection, Xo = _1b3h.6L3 17.386
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Nose Wneel-
Well Doors

Fuselage Vent,
Pilot Right

Note: The smooth paint models had the

same basic dimensions as are
Z..own here but did not have the
protuberances.

All dimensions are in inches.

Piiot Right
Egress Hatches (Groung Suhhmator Vent
Flush on Smooth Models)

Fuselage Vent
Panel Nos. 1
and3 argo Bay Door
Hinge ﬂyp)
Access Hatch ~
. Wlndow e CargoBay 1 o
. .0 Vent No. 1 [
o e \ 0\ ?
N RCS Nozzles i \ L Fuselage
Ty 6 M Vent No. 1
\ -1

/

LR 2,8
Fuselage vant Panel _/ Pilot Left X \— Protuberances
No. 7 (On Pilot Left and Right) Sublimator Vent

No. 43-4, 5, 6, and 7

&. Protuberance Model
Figure 2. Model Sketches
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b. BNossle Locations
Pigure 2. (Continued)
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a.

*

RCS Portsoglosed
Re/ft = 10°/ft

Tpe

= 1139F

| —
T ——

RCS Poris Clgsed

Re/ft = 2x10°/1¢t

Tpe

= 113°F

Figure 3.

b.

d.

~as. e an *

i

[PRESTRVQER VY SN | VUL W VN

RCS Ports n
Re/ft = 10°/rt

= 113°F

RCS Porvs Open
Re/ft = 2x10°/rt

Tpe

= 113°F

Melt Lines at 20 Degrees Angle of Attack
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a.

Ce.

RCS Portsoglosed b. RCS Pbrtsogpen
Re/ft = 100/t Re/ft = 10°/ft
Tpe = 113°F Tpe = 113°F

RCS Ports Clgsed d. RCS Ports Open
Re/ft = 2x108/rt Re/ft = 2x106/ft
Toe = 1319F T = 131°F

e
Figure 4. Melt Lines at 25 Degrees Angle of Attack
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a.

c.

RCS Ports glosed b. RCS Ports ogpen
Re/ft = 10°/ft Re/ft =
Tpe = 113°%F Tpe =113

RCS Ports Cl sed d. RCS Ports Oggn
Re/ft = 2x1 Re/ft = 2x10°/ft
Tpe = 131°r Tpe = 131°F

Figure 5. Melt Lines at 30 Dagrees Angle of Attack
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RCS Ports ged b. RCS Ports n
Re/ft = 10°/rt Re/ft = 10°/ft
Tpe = 113°F T, =13°F

RCS Ports Clgsed d. RCS Ports Opsn

Re/ft = 2x10°/ft Re/ft = 2x10°/tt
Tpe = 131°F Tpe = 1319F

Figure 6. Melt Lines at 35 Degrees Angle of Attack
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a. RCS Ports Oglosed b. RCS Ports n

Re/ft = 10°/ft Re/ft = 10°/ft

Tpe = 113°F Tpe = 113
. ~ , ) u

’ T ¥ X /)

¢. RCS Ports Ctgsed d. RCS Ports Open

Re/rt = 2x19 [t Re/ft = 2x10 /£t

Tpc = 131°F Tpc = 131°F

Figure 7. Melt Lines at 4O Degrees Angle of Attack
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a. RCS Ports Closed b. RCS Portsogpen
Re/ft = 10°/ft Re/ft = 10°/ft
Toe =113 T, =113

c. RCS Ports Clgsed d. RCS Ports Open
Re/ft = 2x10°/ft Re/ft = 2x10°/rt
Toe = 131°F Toe = 13.i°F

Figure 8. Melt Lines at 45 Degrees Angle of Attack
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